resolution depends on the land-surface inhomogeneity and the meteorological situation, which influence 20 the soil moisture patterns, and ranges from about 7 km to 17 km for a 70% confidence level for a typical 21 year. At the minimum sampling resolution for a 70% confidence level also the accuracy of footprint-22 averaged brightness temperature estimates is equal or better than 15 K/10 K for H/V polarization. 23
Introduction 35
Information on the global soil moisture distribution is required, e.g., for weather forecasting, climate, and 36 agriculture applications. Due to the high spatial variability of soil moisture, its in-situ observation is 37 practically impossible on continental scales. Passive microwave satellite remote sensing at L-band 38 frequencies may achieve this goal because of the strong dependency of the soil dielectric constant on soil 39 moisture at these wavelengths (Njoku and Kong, 1977 shown) impact the simulated brightness temperatures. More details can be found, e.g., in the SMOS global 139 surface emission model handbook (Rosnay et al., 2009) . 140
From the 400 m resolution brightness temperatures, virtual satellite observations are generated 141 taking the satellite antenna function into account. Figure 2 shows the centers of the about 320 footprints 142 covering the model area for one potential satellite overpass and -on the same scale -the satellite antenna 143 function for one footprint, which will change somewhat in shape with the elevation of the individual 400 144 m model grid areas, orbit, and satellite viewing angle. 145
Not each SMOS overflight will cover the whole area in reality. But in our study, we assume for 146 simplicity, that all footprints indicated in Figure 2 are observed once a day at 6 a.m., which corresponds 147 to the approximate descending or ascending overpass time of SMOS and SMAP, respectively. The satellite 148 footprint is much larger than the nominal satellite spatial resolution of 40 km; thus areas much larger in 149 diameter contribute to one satellite-observed brightness temperature (i.e., 50% of one satellite-observed 150 brightness temperature originates from an area roughly ten times larger than the nominal satellite 151 footprint). 152
153
The virtual reality employed in this study is a physically consistent state of the terrestrial system in 154 space and time because it has been produced by a numerical model based on the conservations equations 155 
which is an unordered collection of distinct elements of a prescribed size taken from a given set. For 168 example, with an average distance between sampling sites of 10 km, about 6x6 sampling sites are possible 169 within one footprint, which can be spatially distributed in This results for a certain sampling distance (i km) for all 320 footprints and all 365 days of a year to 181 
Results 193
We first discuss in detail the results for soil moisture sampling. Then we extend the same methodology to 194 brightness temperature and compare both results. We also evaluate the potential sampling error for 3 km 195 and 9 km satellite footprint sizes, because the SMAP products also include combined active-passive soil 196 moisture retrievals at higher spatial resolutions (e.g., EASE-grid 9 km) and a product only based on the 197 active sensor (EASE-grid 3 km). 
brightness temperature 257
We now determine the maximum sampling distances of ground-based microwave radiometers observing 258 the land surface required to estimate SMOS/SMAP footprint brightness temperatures. To this goal, we 259 transform the target accuracy of SMOS/SMAP soil moisture retrievals of 0.04 cm 3 /cm 3 to the accuracy of 260 the corresponding brightness temperature, which is 10 K for H polarization and 5 K for V polarization 261 according to CMEM forward simulations. We note that this brightness temperature accuracy is not the 262 instrument observing error of the (virtual) microwave radiometer, but the sensitivity of the microwave 263 forward transfer model to soil moisture. We are aware, that the radiometric accuracies of ground-based 264 and satellite-borne sensors are much better, and that the accuracy of the soil moisture-brightness 265 temperature relation is mainly responsible for the retrieval accuracy; thus we use the 10K/5K uncertainty 266 only as a proxy for the overall error. 267
According to Figure 6 already at a sampling distance of 800 m, the sampling error might exceed the 10K/5K 268 limit at certain regions and times. If we want to keep the limit with a probability of 90% (the upper 269 boundary of boxes in Figure 6 H/V 100% confidence panels), a maximum sampling distance below 4.4 270 km/4 km will confine the sampling error to below 10 K/5 K for H/V polarization brightness temperatures. 271 For an average sampling distance of 5.2 km, the error may go beyond the nominal 10 K/5 K for both 272 polarizations already with a probability of 50%, and already for 9.2 km average sampling distance, the 273 maximum sampling error is always above the nominal values for some region and a day in the year. Even 274 if we relax the nominal error to only 70% of all pixels and days, the requirement cannot be met already at 275 800 m average sampling distance, while the average sampling distance required to fulfill the nominal 276 accuracy for only 50% of all networks moves from 5.2 to 10 km. 277 of ground-based observations and also its temporal variation, as can be inferred from the correlation 292 between large maximum sampling distances with its variability over the year (correlation coefficient is 293 0.84/0.83 for H/V polarization), which is not observed for soil moisture. LAI is the only input in CMEM 294 which can lead to such a temporal variation because other inputs and internal parameters such as air 295 temperature, soil moisture, soil properties, etc. are either fixed or do not impact on brightness 296 temperature significantly. 297 298 3.3 Maximum sampling distance differences between soil moisture and brightness 299 temperature 300
The differences in the variability of the maximum sampling distance for soil moisture and brightness 301 temperature can be explained by using the microwave transfer model CMEM. The relationship between 302 soil moisture and brightness temperature is complex and non-unique (Figure 9a, b) . E.g., a soil moisture 303 value of 0.4 cm 3 /cm 3 can relate to a wide range of brightness temperature from 180 K to 250 K for H 304 polarization and 225 K to 265 K for V polarization due to the variation of vegetation cover, soil properties, 305 and terrain. 306 
307
The spatial resolution for the SMAP active product is 3 km and for the passive-active merged soil 308 moisture product 9 km. SMAP CAL/VAL requires for core stations 3 stations for the evaluation of the prior 309 and 5 stations for the latter product. We computed the average station distance for both products 310 required to keep the sampling error below the nominal 0.04 cm 3 /cm 3 by using the same methodology 311 used above. Due to limited computation capacity, not all higher-resolution footprints are used, but only 312 those in the center of the 43-km SMOS footprints. According to the results displayed in Figure 10 , the 313 confidence level for most of the 3/9-km footprints sampled by 3/5 stations is below 50%-60% and thus 314 lower than the required 70%. The temporal variation of the confidence level is larger for the 3 km than 315 for the 9 km footprints. 316 In total 16 of the 320 footprints in the model area have forest fractions below 15% and negligible 326 surface water contributions; such footprints are usually considered as an ideal footprint for soil moisture 327
Cal/Val. We compare their sampling statistics with the statistics for all footprints in Figure 11 , which shows 328 that in terms of both soil moisture and brightness temperature, the maximum sampling errors for the 329 selected sites are considerably lower compared all sites for all sampling distances. Thus, excluding sites 330 with forest fractions above 15% is beneficial for both soil moisture and brightness temperature 331 evaluations. 332 We used a virtual reality generated with the fully coupled subsurface-vegetation-atmosphere model 335 platform TerrSysMP over southwestern Germany with a spatial resolution of 400 m to quantify the 336 sampling error of mean soil moisture and brightness temperatures estimated from in-situ ground-based 337 observation networks covering the 43 km x 43 km SMOS/SMAP-like footprints over a wide range of 338 potential average sampling distances. By using a simulated virtual reality at such a high resolution, we 339 have a physically consistent three-dimensional evolution of the terrestrial system at our disposition, from 340 which we can take virtual soil moisture observations at any resolution at and above 400 m, and we can 341 Figure 11 : The maximum sampling errors of the arithmetic mean soil moisture/brightness temperature estimated from all sites and from sites with < 15% forest cover at given average sampling distances. It is difficult to set up an observation network, which represents the whole satellite footprint 360 precisely. We find a maximum soil moisture sampling distance of roughly 3 km if we want to be 100% sure 361 that the sampling error is below the nominal value of 0.04 cm 3 /cm 3 . If we allow for a failure probability of 362 30 % a maximum sampling distance of 10 km is sufficient. For brightness temperatures, the sampling 363 requirement is much stricter, because already at 800 m sampling distance, it cannot be guaranteed, that 364 the sampling error remains below the equivalent threshold of 10K/5K for H and V-polarization, 365 respectively, even for a 30% probability of failure. 366
While the required maximum sampling distances do not change much over the year for soil 367 moisture -except after large-scale precipitation events which allow for larger sampling distances -its 368 equivalent for brightness temperature has a strong seasonal variation because of the blurring effect of 369 
